1. Introduction {#sec1-viruses-12-00201}
===============

Rotavirus A (RVA) is the main causative agent of acute viral gastroenteritis in children under 5 years of age. Dehydration caused by severe diarrhea or vomiting can become life-threatening and it is estimated that rotavirus infections resulted in 128,500 deaths in 2016, of which 104,733 occurred in sub-Saharan Africa \[[@B1-viruses-12-00201]\]. RVA is a non-enveloped virus with a double-stranded RNA (dsRNA) genome consisting of eleven segments encoding six structural viral proteins (VPs) and six non-structural proteins (NSPs) \[[@B2-viruses-12-00201]\]. The VPs assemble into three concentric capsid layers. The middle and outer layer are formed by VP6 and VP7, respectively. VP4 forms spikes that are anchored in a cavity formed by VP6 and VP7 and protrude from the outer layer \[[@B3-viruses-12-00201]\]. VP4 mediates entry into host cells and must undergo tryptic cleavage to acquire efficient infectivity for susceptible cells \[[@B4-viruses-12-00201]\]. The cleavage generates an N-terminal, receptor-binding fragment called VP8\* and a C-terminal fragment called VP5\*. VP7 and VP4 represent the major rotavirus antigens that are capable of eliciting neutralizing antibody responses \[[@B5-viruses-12-00201]\]. A binary typing system based on the nucleotide sequences of genome segments encoding the VP7 glycoprotein (G genotypes) and the protease-sensitive VP4 (P genotypes) is commonly used. A large variety of VP7 and VP4 has been described, allowing a classification into 36 G and 51 P genotypes, respectively \[[@B6-viruses-12-00201]\]. Additionally, a classification system based on the nucleotide sequence of all eleven genome segments has been established, which indicates that the majority of RVAs worldwide have a Wa-like (Gx-P\[x\]-I1-R1-C1-M1-A1- N1-T1-E1-H1) or a DS-1-like (Gx-P\[x\]-I2-R2-C2-M2-A2-N2-T2-E2-H2) genotype constellation \[[@B7-viruses-12-00201],[@B8-viruses-12-00201],[@B9-viruses-12-00201]\].

There are currently four approved vaccines available. Two of these vaccines (Rotarix and RotaTeq) have been used extensively globally over the past years. Rotarix is a live-attenuated vaccine derived from a human G1P\[8\] rotavirus isolate \[[@B10-viruses-12-00201]\], while RotaTeq is a live-attenuated, pentavalent vaccine consisting of five human bovine reassortants (human G1, G2, G3, or G4 in a bovine background as well as human P\[8\] in a bovine background) \[[@B11-viruses-12-00201]\]. The human parent G4 strain was originally isolated from a patient in France, but all other strains originate from the United States \[[@B12-viruses-12-00201]\]. The effectiveness of both vaccines ranges from 85--98% in high-income countries in America, Asia and Europe, but was only modest in low-income countries in Africa and Asia (50--64%) \[[@B13-viruses-12-00201]\]. Various reasons have been proposed for the reduced vaccine effectiveness in these regions including malnutrition, differences in gut microbiota, co-infections with other pathogens, or host genetic factors such as histo-blood group antigens (HBGAs) \[[@B14-viruses-12-00201]\]. However, the vaccines could also have a lower efficacy against rotavirus strains circulating in Africa and Asia, which are considerably more diverse than those strains circulating in other regions and countries \[[@B15-viruses-12-00201],[@B16-viruses-12-00201]\]. It has been shown that a reduction in G1P\[8\] strains occurred with an increase in uncommon strains in Australia and South Africa in the post-vaccination era \[[@B17-viruses-12-00201],[@B18-viruses-12-00201]\]. The reduction in G1P\[8\] strains was specifically seen with Rotarix (G1P\[8\]), which might indicate different efficiencies of the vaccines against different genotypes. Nevertheless, more research is required to elucidate the reasons for the reduced vaccine efficiency in Africa and Asia as well as the characteristics of the strains circulating in these regions.

Adapting primary rotavirus strains to replicate in continuous cell lines is notoriously difficult and time consuming \[[@B19-viruses-12-00201],[@B20-viruses-12-00201],[@B21-viruses-12-00201],[@B22-viruses-12-00201]\], which hinders the propagation and characterization of strains originating from Africa and Asia. For targeted generation of replicating rotaviruses, including specific recombinants and reassortants, several reverse genetics systems (RGS) have been developed \[[@B23-viruses-12-00201],[@B24-viruses-12-00201],[@B25-viruses-12-00201]\]. Recently, fully plasmid-based systems for the generation of a simian RVA strain \[[@B26-viruses-12-00201],[@B27-viruses-12-00201],[@B28-viruses-12-00201]\] and two human cell culture-adapted RVA strains \[[@B29-viruses-12-00201],[@B30-viruses-12-00201]\] have been published. Using the simian RVA system, we have previously shown that VP4 from diverse animal rotavirus strains can be used to successfully generate viable reassortants \[[@B31-viruses-12-00201]\].

Here, the generation of simian RVA reassortants with VP4- and VP7-encoding genome segments of three human RVA strains from Africa, which were not previously adapted to cell culture, was attempted. The generated reassortants were characterized according to their particle morphology and growth kinetics in cell culture. The reassortants may be useful for future studies investigating the requirements for reassortment and efficient replication of rotaviruses as well as for the targeted development of next generation vaccines with defined antigenicity.

2. Materials and Methods {#sec2-viruses-12-00201}
========================

2.1. Cell Lines {#sec2dot1-viruses-12-00201}
---------------

All cell culture reagents were obtained from Pan-Biotech GmbH (Aidenbach, Germany) unless indicated otherwise. Dulbecco's Modified Eagle's Medium (DMEM) and Minimal Essential Medium (MEM) were supplemented with 10% fetal calf serum (FCS), 1x nonessential amino acids, 2 mM L-glutamine, and 0.1 µg/mL gentamicin (hereafter referred to as complete DMEM and complete MEM). BSR T7/5 cells \[[@B25-viruses-12-00201]\] were kindly provided by Karsten Tischer (Free University of Berlin, Germany) and maintained in complete DMEM containing 1 mg/mL G418 (Biochrom, Berlin, Germany). MA-104 cells were provided by the European Collection of Authenticated Cell Cultures (Salisbury, UK) and cultured in complete MEM. All cells were incubated at 37 °C and 5% CO~2~.

2.2. Plasmids {#sec2dot2-viruses-12-00201}
-------------

The plasmids encoding the 11 SA11-L2 genome segments as well as the three helper plasmids pCAG-D1R, pCAG-D12L, and pCAG-FAST-p10 were a kind gift from Takeshi Kobayashi \[[@B12-viruses-12-00201]\] and were obtained from Addgene (Watertown, Massachusetts, USA). The human VP4- and VP7-encoding plasmids contained an expression cassette consisting of *Xba*I and *Pst*I restriction sites at the 5′end, a T7-RNA-polymerase (T7RNAP) promoter, the complete genome segment encoding VP4 or VP7, a hepatitis delta virus (HDV) ribozyme sequence, a T7RNAP terminator, and a *Hin*dIII as well as a *Not*I restriction site at the 3′ end. The sequences for the promoter, ribozyme, and terminator are identical to that of a plasmid encoding VP4 from avian RVA strain 02000V2G3 (GenBank: KT239165). The cassettes encoding VP4 from human RVA strain RVA/Human-wt/ZAF/GR10924/1999/G9P\[6\] (GR10924/99) (GenBank: FJ183356.1) or VP7 from the human RVA strains GR10924/99, RVA/Human-wt/MOZ/0060a/2012/G12P\[8\] (Moz60a), and RVA/Human-wt/MOZ/0308/2012/G2P\[4\] (Moz308) (GenBank: FJ183360.1, MG926763.1, and MG926730.1, respectively) were synthesized, cloned into pUCIDT-Amp, and sequence verified by Integrated DNA Technologies (IDT, Coralville, Iowa, USA). The expression cassettes for VP4 from human RVA strain Moz60a (GenBank: MG926761.1) and VP4 from human RVA strain Moz308 (GenBank: MG926728.1) were synthesized as gBlocks gene fragments (IDT). Adenosine overhangs were added to the gBlocks using Takara Ex Taq (Takara Bio Inc, Kusatsu, Japan) and the fragments were cloned into pCR4-TOPO using a TOPO TA cloning kit (Thermo Fisher, Waltham, MA, USA) according to the manufacturer's instructions. The expression cassettes encoding VP4-Moz60a or VP4-Moz308 were then used to replace the *Xba*I to-*Hin*dIII or *Pst*I-to-*Not*I fragments of the plasmid encoding VP7-Moz308, respectively. All plasmids were purified using a plasmid midi kit (Qiagen, Hilden, Germany) prior to transfection.

2.3. Generation of SA11 and Reassortant Virus Using Reverse Genetics {#sec2dot3-viruses-12-00201}
--------------------------------------------------------------------

SA11 and reassortant viruses were generated as described previously \[[@B31-viruses-12-00201]\]. Briefly, BSR T7/5 cells were co-transfected with 11 plasmids encoding the individual rotavirus genome segments and three helper plasmids encoding two vaccinia virus capping enzyme subunits as well as a small membrane fusion protein. The transfected cells were co-cultured with MA-104 cells in the presence of trypsin before the cells were frozen and thawed once. Trypsin was added to 2 mL of freeze/thaw supernatants to a final concentration of 100 µg/mL and the mixture was incubated for 1 h at 37 °C.

2.4. Passaging of Reassortants {#sec2dot4-viruses-12-00201}
------------------------------

Confluent MA-104 cells grown in 6-well plates were washed twice with PBS, the mixture was added, and the cells were incubated for 1 h at 37 °C and 5% CO~2~. The cells were washed once with 3 mL MEM and 2 mL incomplete MEM (*w*/*o* serum) containing 10 µg/mL trypsin were added. The cells were incubated for 6--9 days and monitored for signs of cytopathic effects by microscopy before freeze/thaw supernatants were harvested and the procedure was repeated for passaging of the viruses.

2.5. RT-PCR and qRT-PCR {#sec2dot5-viruses-12-00201}
-----------------------

Viral RNA was extracted from freeze/thaw supernatants with the NUCLISENS easyMAG system (bioMérieux, Marcy-l'Étoile, France) and digested with RNase-free DNase (Roche, Basel, Switzerland) according to the manufacturers' instructions. RT-PCRs were performed with the Qiagen OneStep RT-PCR Kit according to the manufacturer's instructions. The primer sequences for strain-specific detection of VP4 and VP7 genes were as follows: VP4-GR10924.99-F, 5′-GTT-CGT-CAG-ACT-CCG-TCA-GG-3′; VP4-GR10924.99-R, 5′-TCC- ACG-TCA-GCT-TCC-ATC-AC-3′; VP7-GR10294.99-F, 5′-ACC-GAT-GTT-GTT-GAT-GGT-GTG-3′; VP7-GR10294.99-R, 5′-ACA-TCT-GAG-CCA-CCG-ACT-TG-3′; VP7-Moz60a-F, 5′-TGG-ATG-TAC- GAC-AAC-CGA-CG-3′; VP7-Moz60a-R, 5′-GCA-TCG-TTG-TTG-GAT-CTG-CT-3′; VP7-Moz308-F, 5′-GGG-AAC-GGA-CTG-TAC-GGT-AA-3′; VP7-Moz308-R, 5′-TGC-ATT-CGG-TCC-ACC-AAC- TT-3′; VP7-SA11-X1-F, 5′-TAT-TAT-CCG-ACT-GAG-GCT-GCG-3′; and VP7-SA11-X1-R, 5′-GCA- ACG-TCG-CGT-CAT-ATT-TCA-3′. The primers for the detection of VP4-SA11 and qRT-PCR primers and conditions for the detection of NSP3-SA11 have previously been described \[[@B31-viruses-12-00201]\]. A dilution series of pT7-NSP3SA11 was used to generate a standard curve and determine genome copy equivalents (GCEs)/mL. The primers used for RT-PCR were synthesized by IDT. Primers and probe for qRT-PCR were synthesized by TIB Molbiol (Berlin, Germany).

2.6. Electron Microscopy {#sec2dot6-viruses-12-00201}
------------------------

10 µL of the virus stocks were adsorbed onto Formvar/carbon-coated copper grids (Plano GmbH, Wetzler, Germany) for 60 s. Excess liquid was then blotted with a filter paper and the grids were stained with 2% uranylacetate for further 60 s. The grids were dried and then examined with a Jeol 1400 Plus (Jeol, Tokyo, Japan) transmission electron microscope (TEM) operating at 120 kV. Imaging was performed using an Olympus Veleta G2 digital camera (EMSIS, Münster, Germany). Particle size was measured using iTEM software provided by Olympus.

2.7. Endpoint Dilution Assays {#sec2dot7-viruses-12-00201}
-----------------------------

Freeze/thaw supernatants were serially diluted and activated in MEM containing 10 µg/mL trypsin for 30 min at 37 °C. Confluent MA-104 cells grown in a 96-well plate were washed twice with PBS before addition of the activated virus. The cells were incubated with the activated virus for 1 h at 37 °C and 5% CO~2~. Following the infection period, incomplete MEM containing 1 µg/mL trypsin was added. The lower trypsin concentration in comparison to the trypsin concentration used for passaging the virus was chosen to reduce the detachment of uninfected cells in 96-well plates, which was more pronounced than in 6-well plates. Plates for the titration of VP7 reassortants were analyzed after 4 days. Plates for the titration of the VP4 reassortant were incubated for 8 days because of slower replication kinetics. The Spearman and Kärber algorithm \[[@B30-viruses-12-00201]\] was used for the calculation of the 50% tissue culture infectious dose (TCID50).

2.8. RVA Replication Kinetics {#sec2dot8-viruses-12-00201}
-----------------------------

Culture supernatants containing 2 × 10^6^ GCEs of the indicated strain were activated and used to infect MA-104 cells grown in a T-25 cell culture flask as described for the endpoint dilution assay. Following the infection period, the cells were washed once with MEM and 5 mL incomplete MEM containing 1 µg/mL trypsin were added. Supernatant samples (1 mL) were taken at the indicated time points and 1 mL incomplete MEM with fresh trypsin was added to the flask. The supernatants were analyzed by qRT-PCR and endpoint dilution assay. The whole experiment was performed three times under identical conditions but starting on different days (three independent experiments).

2.9. Genome Sequence Analyses {#sec2dot9-viruses-12-00201}
-----------------------------

Sequence alignments and construction of phylogenetic trees were performed using the Clustal W method as implemented in the MegAlign module of the Lasergene software package (DNASTAR Inc., Madison, Wisconsin, USA). The full-length VP4- and VP7-encoding genome segments of the strains used in this study were compared with the corresponding segments of the Rotarix and RotaTeq vaccine strains (GenBank: GU565088.1, GU565077.1, GU565066.1 and GU565055.1 for RotaTeq P\[5\]; JN849113.1 for Rotarix P\[8\]; JN849114.1 for Rotarix G1; GU565057.1 for RotaTeq G1; GU565068.1 for RotaTeq G2; GU565079.1 for RotaTeq G3; GU565090.1 for RotaTeq G4; GU565046.1 for RotaTeq G6) \[[@B12-viruses-12-00201]\]. The VP4-or VP7-encoding genome segment of chicken group D rotavirus strain 05V0049 (Genbank: NC_014513.1) was included in the analyses as an outlier group \[[@B32-viruses-12-00201]\].

2.10. Statistics {#sec2dot10-viruses-12-00201}
----------------

The data are presented as mean ± standard deviation (SD). To determine statistical significance, a two-tailed unpaired *t* test was used. Results with a p value below 0.05, 0.01, or 0.001 were considered significant and marked with one, two, or three asterisks, respectively.

3. Results {#sec3-viruses-12-00201}
==========

3.1. Selection of Human RVA Strains from Sub-Saharan Africa {#sec3dot1-viruses-12-00201}
-----------------------------------------------------------

VP4- and VP7-encoding genome segments of three RVA strains from sub-Saharan Africa were selected based on their genetic diversity and the availability of full-length genome sequences. Strain GR10924/99 \[[@B32-viruses-12-00201],[@B33-viruses-12-00201]\] originated in South Africa, while strains Moz60a \[[@B34-viruses-12-00201]\] and Moz308 \[[@B35-viruses-12-00201]\] were identified in Mozambique. In all cases, the consensus genome sequences had been determined directly from fecal samples with no prior cell culture adaptation. GR10924/99, Moz60a, and Moz308 belong to the genotypes G9P\[6\], G12P\[8\], and G2P\[4\], respectively. GR10924/99 and Moz308 have a DS-1-like genotype constellation, while Moz60a has a Wa-like genotype constellation. The phylogenetic relationship of their VP4- and VP7-encoding genome segments with that of the strains present in the two major vaccines is shown in [Figure 1](#viruses-12-00201-f001){ref-type="fig"}. The VP4-encoding segment of Moz60a grouped with the corresponding segment of the G6P\[8\] strain from the RotaTeq vaccine, but none of the vaccine strains has a VP4-encoding genome segment belonging to the P\[6\] or P\[4\] genotype ([Figure 1](#viruses-12-00201-f001){ref-type="fig"}a). Based on the VP7-encoding genome segment, Moz308 clusters with the RotaTeq G2P\[5\] strain, but neither RotaTeq nor Rotarix contain a strain with a G9 or G12 genotype ([Figure 1](#viruses-12-00201-f001){ref-type="fig"}b). However, it is of note that different lineages exist within genotypes and that the VP4-encoding segment of Moz60a and the VP7-encoding segment of Moz308 belong to different lineages than the vaccine strains that they are grouping with in this analysis \[[@B36-viruses-12-00201]\].

3.2. Sequence Analysis of Surface-Exposed Antigenic Regions of Human RVA Strains from sub-Saharan Africa {#sec3dot2-viruses-12-00201}
--------------------------------------------------------------------------------------------------------

VP8\* is genetically diverse and contains four defined antigenic epitopes that are referred to as 8-1 to 8-4, while VP7 contains two epitopes that are referred to as 7-1 and 7-2, whereby the 7-1 epitope can be further divided into 7-1a and 7-1b \[[@B12-viruses-12-00201],[@B36-viruses-12-00201],[@B37-viruses-12-00201]\]. A comparison of the amino acid residues that form the VP8\* antigenic epitopes showed that GR10924/99 (G9P\[6\]) and Moz308 (G2P\[4\]) differed significantly from the vaccine strains present in Rotarix and RotaTeq ([Figure 2](#viruses-12-00201-f002){ref-type="fig"}a). Moz60a (G12P\[8\]) differed from either Rotarix or RotaTeq at only two residues, but was different from Rotarix in five positions ([Figure 2](#viruses-12-00201-f002){ref-type="fig"}a). An analysis of the residues constituting the VP7 antigenic epitopes showed that all three African strains differed largely from Rotarix, but differences to the strains present in RotaTeq were less pronounced ([Figure 2](#viruses-12-00201-f002){ref-type="fig"}b). Moz60a (G12P\[8\]) showed the greatest differences with 8/29 residues that were not present in Rotarix or RotaTeq ([Figure 2](#viruses-12-00201-f002){ref-type="fig"}b).

3.3. Generation of Simian RVA Reassortants with Human VP4 and VP7 {#sec3dot3-viruses-12-00201}
-----------------------------------------------------------------

First, we tested whether the plasmid-based RGS can be used to generate simian SA11 reassortants with human VP4. To that end, the plasmid encoding simian VP4-SA11 was substituted with the plasmid encoding human VP4 from strain GR10924/99, Moz60a, or Moz308. Following the transfection of BSR-T7/5 cells and co-culture with MA-104 cells, freeze/thaw supernatants were passaged in MA-104 cells. However, using our previously published protocol \[[@B31-viruses-12-00201]\], we were not able to rescue any VP4 reassortant. Only after using 20 times more freeze/thaw supernatant for passaging in MA-104 cells, we were able to rescue a simian SA11 reassortant with human VP4-GR01924/99. A clear cytopathic effect (CPE) was visible after four blind passages. The same CPE was observed upon further passaging of freeze/thaw supernatants and a positive qRT-PCR signal was detected, indicating that replication-competent virus was produced ([Figure 3](#viruses-12-00201-f003){ref-type="fig"}a). Therefore, all subsequent rescue attempts were made with the modified passaging protocol. However, even with the new protocol, we were unable to rescue reassortants with human VP4-Moz60a (G12P\[8\]) or VP4-Moz308 (G2P\[4\]).

Next, we attempted to rescue simian RVA reassortants with human VP7 using the modified protocol. In contrast to the results with VP4, we observed a strong CPE for all three VP7 reassortants in the first passage ([Figure 3](#viruses-12-00201-f003){ref-type="fig"}a). The reassortants stably replicated in MA-104 cells and samples tested positive in qRT-PCRs ([Figure 3](#viruses-12-00201-f003){ref-type="fig"}a). Lastly, we tried to rescue simian double reassortants with both human VP4 and VP7, but the attempts failed for all three strains ([Figure 3](#viruses-12-00201-f003){ref-type="fig"}a). Overall, we were able to generate four new simian SA11 reassortants, designated as VP4-GR10924/99, VP7-GR10924/99, VP7-Moz60a, and VP7-Moz308. The presence of the expected VP4-encoding genome segment ([Figure 3](#viruses-12-00201-f003){ref-type="fig"}b) or VP7-encoding segment ([Figure 3](#viruses-12-00201-f003){ref-type="fig"}c) was confirmed by RT-PCR using specific primer pairs.

3.4. Analysis of Reassortant Morphology by Electron Microscopy {#sec3dot4-viruses-12-00201}
--------------------------------------------------------------

To examine the virus particle morphology of the rescued reassortants, freeze/thaw supernatants from MA-104 cells infected with VP4-GR10924/99, VP7-GR10924/99, VP7-Moz60a, or VP7-Moz308 were analyzed by transmission electron microscopy. Typical triple-layered RVA-like particles were observed for the VP4 and VP7 reassortants and the morphology of the reassortants was indistinguishable from the morphology of the parent simian RVA strain SA11 ([Figure 4](#viruses-12-00201-f004){ref-type="fig"}). For all samples, the majority of the particles was intact and there were no apparent differences in the number of virus particles, although further quantitative analyses would be necessary to confirm this observation.

3.5. Replication Kinetics of Reassortants {#sec3dot5-viruses-12-00201}
-----------------------------------------

In order to analyze the growth kinetics of the reassortants, we infected MA-104 cells at the same number of genome copy equivalents (GCEs) and analyzed supernatants from the infected cultures by qRT-PCR across multiple time points post-infection. In comparison to SA11, the VP4-GR10924/99 reassortant grew substantially slower ([Figure 5](#viruses-12-00201-f005){ref-type="fig"}a). The mean GCE number of VP4-GR10924/99 was significantly lower than that of SA11 at 1, 2, and 4 days post-infection, with a maximum difference of \>3 logs at 2 days after infection. However, the mean GCE numbers between SA11 and VP4-GR10924/99 were similar at 8 days post-infection, the endpoint of the experiment. Samples from 8 days-post-infection were further analyzed by end-point dilution assay in order to determine the infectious titer ([Figure 5](#viruses-12-00201-f005){ref-type="fig"}b). Despite a similar number of GCEs at this time point, the infectious titer of VP4-GR10924/99 was 4 logs lower (*p* \< 0.001). Assuming that the number of GCEs reflects the number of virus particles, this result might indicate that a high number of virus particles is accumulating in the cell culture supernatant, but that the majority of particles are not infectious.

In contrast, the replication kinetics for SA11, VP7-GR10924/99, VP7-Moz60a, and VP7-Moz308 were similar ([Figure 5](#viruses-12-00201-f005){ref-type="fig"}c). Only the mean GCE number of VP7-Moz308 was moderately reduced in comparison to SA11 at 2 days post-infection, but no significant difference was detected 4 days post-infection, the endpoint of the experiment. The infectious titers of samples harvested at 4 days post-infection were comparable as well, although a moderate reduction was detected for VP7-Moz308 in comparison to SA11 ([Figure 5](#viruses-12-00201-f005){ref-type="fig"}d).

4. Discussion {#sec4-viruses-12-00201}
=============

The recently established RGSs for RVA enable a targeted generation of viable reassortants as recently shown for SA11 containing VP4-encoding genome segments from diverse animal RVAs \[[@B31-viruses-12-00201]\]. Of importance, the study described that one of the generated reassortants contained a VP4-encoding genome segments of a bat RVA, which was previously not adapted to cell culture \[[@B31-viruses-12-00201]\]. Isolation of RVA in cell culture is generally difficult and usually requires passaging in primary cells \[[@B20-viruses-12-00201]\]. Here, we have successfully generated reassortants with VP4 or VP7 from human RVA strains circulating in Africa. None of these strains had been adapted to cell culture before, but the generated reassortants efficiently grew in MA-104 cells. Therefore, this system can be a useful tool to study rotavirus proteins for which only sequence data is available so far in a context of infectious virus.

We were able to rescue all tested VP7 reassortants. Additionally, the growth kinetics of the rescued reassortants were similar. These results suggest a high compatibility of human VP7 with the simian backbone. VP7 reassortment between animal and human strains occurs naturally \[[@B38-viruses-12-00201],[@B39-viruses-12-00201],[@B40-viruses-12-00201]\], but animal reassortants with human VP7 have also been generated in vitro by co-infection of cells with human and animal rotaviruses \[[@B41-viruses-12-00201],[@B42-viruses-12-00201]\]. However, reassortants with VP7 from animal strains had to be repeatedly depleted using antisera or antibodies in order to select reassortants with human VP7 \[[@B41-viruses-12-00201],[@B42-viruses-12-00201]\]. Using the plasmid-based RGS, we were able to rescue the VP7 reassortants after a single passage in MA-104 cells, highlighting the usefulness of the system to quickly generate reassortants. In contrast, rescue of reassortants with human VP4 was more difficult. We were only able to rescue one reassortant with VP4 from strain GR10924/99 (genotype P\[6\]). VP4-encoding segments belonging to genotype P\[6\] have been reported on both Wa-like and DS-1-like backbones and in combination with various G types in Africa \[[@B43-viruses-12-00201]\], which could suggest a natural tendency for reassortment.

Early reassortment studies based on coinfection with simian rotaviruses and human rotaviruses were also unable to generate reassortants with human VP4 \[[@B41-viruses-12-00201],[@B44-viruses-12-00201]\]. Similarly, co-infection with a bovine strain and unadapted human strains did not yield any reassortants with human VP4 \[[@B45-viruses-12-00201]\]. Using a plasmid-based reverse genetics system, Kawagishi et al. were very recently able to rescue SA11 with VP4 from human strain Odelia (G4P\[8\]) \[[@B30-viruses-12-00201]\]. This reassortant replicated very poorly in cell culture and grew to significantly lower titers than the parent human or simian strain. Similarly, our results showed that the VP4 reassortant replicated very poorly in cell culture in comparison to the simian strain. Comparing the replication also to the parent human strain would be ideal, but since we only had sequence data available for the strains used in this study, trials of adaptation to cell culture were not possible.

It is currently unclear why reassortment is restricted, but it will be crucial to determine the factors that govern successful reassortment. Gorell et al. \[[@B46-viruses-12-00201]\] performed multiple rounds of negative selection with anti-human VP4 antibodies after co-infection with simian SA11 and human Wa (G1P\[8\]), but were not able to generate a reassortant with human VP4-Wa in an otherwise SA11 background \[[@B46-viruses-12-00201]\]. However, the authors could rescue a multi-reassortant SA11 with VP2-Wa, VP4-Wa, and VP6-Wa. We have rescued the VP4 and VP7 mono-reassortants for strain GR10924/99 (G9P\[6\]), but were unable to rescue the corresponding double reassortant. Assuming that VP4 and VP7 of the same strain are compatible, this could also indicate that simian VP6 is a limiting factor, since VP6 and VP7 interact to form a pocket for VP4 \[[@B3-viruses-12-00201]\].

We were unable to rescue reassortants with VP4 from Moz60a or Moz308 (genotype P\[4\] or P\[8\], respectively). VP4 contains the VP8 \* domain, which mediates binding of cellular receptor molecules. HBGAs have been suggested as receptors for human RVAs and human RVA strains belonging to genotype P\[6\] were shown to bind to different HBGAs than strains belonging to the genotypes P\[4\] and P\[8\] \[[@B47-viruses-12-00201],[@B48-viruses-12-00201]\]. However, the role of HBGAs in cell culture experiments remains controversial and seems to be dependent on the strain and the cell line used \[[@B49-viruses-12-00201],[@B50-viruses-12-00201],[@B51-viruses-12-00201]\]. Entry especially in non-human cell lines such as MA-104 cells seems to be independent of HBGAs \[[@B49-viruses-12-00201]\]. Nevertheless, the P\[4\] and P\[8\] strain could have different receptor requirements than the P\[6\] strain, which may be one reason for the different rescue success of the VP4 reassortants. Using a fully human plasmid-based RGS, Komoto et al. were only able to rescue virus after utilizing roller-tube cultures, which improved infection presumably by increasing attachment to cells \[[@B29-viruses-12-00201]\]. Alternatively, using other cell lines, such as HT-29, Caco, ST-1 or HEK cells, which are susceptible to a broader range of human RVAs may improve rescue attempts in the future.

Neither the Rotarix nor the RotaTeq vaccine contain a strain with VP4 belonging to the P\[6\] genotype (GR10924/99) or VP7 belonging to the G9 (GR10924/99) or G12 (Moz60a) genotypes. Strains with the P\[6\] genotype are more prevalent in developing countries and are especially common in Africa \[[@B15-viruses-12-00201]\]. For example, in Zambia during a surveillance period from 2008 to 2015, each year 24--66% of the typed RVA strains belonged to the P\[6\] genotype \[[@B52-viruses-12-00201]\]. RVAs belonging to the G9 or G12 genotypes are also widespread in many regions in Africa \[[@B18-viruses-12-00201],[@B53-viruses-12-00201]\]. For instance, the prevalence of G9 strains was 34% in Zimbabwe before vaccine introduction (2008--2013) and 35% after vaccine introduction (2015--2016) \[[@B54-viruses-12-00201]\]. Therefore, the VP4 and VP7 reassortants generated here may be useful for the generation of vaccines based on strains circulating in Africa. Recently, two additional rotavirus vaccines (Rotavac and Rotasiil) have been developed in India \[[@B55-viruses-12-00201],[@B56-viruses-12-00201]\]. Rotavac is based on strain 116E, which is a naturally-occurring G9P\[11\] human reassortant with bovine VP4 and was originally isolated from neonates with asymptomatic infection in India \[[@B57-viruses-12-00201]\]. This vaccine strain belongs to the G9 genotype, but there is no human VP4 component. Rotasiil is a pentavalent vaccine similar to RotaTeq and consists of bovine reassortants with human G1-4 and human G9 \[[@B58-viruses-12-00201]\]. However, none of the novel vaccine strains contains human VP4. As immune responses to VP4 can be important for protection from infection \[[@B59-viruses-12-00201]\], homologous VP4 antigens may be preferable in vaccines.

In conclusion, we have shown that the plasmid-based RGS can be used to generate viable reassortants with VP4- and VP7-encoding genome segments from human field strains for which only consensus sequence data were available. Some of the VP4 reassortants could not be generated, indicating present limitations of the system, which should be investigated in more detail in future. The generated VP4 reassortant replicated significantly slower than the parent simian virus, emphasizing the importance of VP4 during replication in cell lines. Future studies should investigate the genetic stability of the strains in more detail by sequencing the whole genome of the reassortants before and after a large number of sequential passages in MA104 cells. As VP4 and VP7 are the major rotavirus antigenic determinants that elicit neutralizing antibody responses, further experiments should examine the antigenicity of the generated reassortants and compare it with that of the currently available vaccines. The VP4- and VP7-encoding genome segments chosen in our study originated from sub-Saharan Africa and may therefore represent well suited antigens in vaccines for this region. Ideally, a panel of reassortants representing common and uncommon genotypes present in Africa could be generated in the future. In addition, the characterized reassortants may generally be useful for future studies investigating replication and reassortment requirements of rotaviruses.
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![Phylogenetic relationship of the African strains used in this study with the vaccine strains present in Rotarix and RotaTeq and with the SA11 strain used in the reverse genetics experiments. (**a**) Phylogenetic tree based on the VP4-encoding genome segment. It is of note that the VP4-encoding segment belonging to the P\[5\] genotype in the RotaTeq vaccine strains is from a bovine RVA strain. (**b**) Phylogenetic tree based on the VP7-encoding genome segment. The VP7-encoding genome segment of the RotaTeq strain with the G6P\[8\] genotype is from a bovine RVA strain. Human African strains used in this study are underlined. The scale bar indicates the number of nucleotide changes per 100 nucleotides. The numbers in the phylogenetic trees indicate the bootstrap values from 1000 trials. The corresponding genome segments of rotavirus species D (RVD) were used as outliers.](viruses-12-00201-g001){#viruses-12-00201-f001}

![Comparison of the amino acid residues forming surface-exposed antigenic regions of the African strains used in this study and the vaccine strains present in Rotarix and RotaTeq. (**a**) VP8\* antigenic regions. (**b**) VP7 antigenic regions. Black background: Residues different from Rotarix and RotaTeq. Light grey background: Residues different from Rotarix. Dark grey background: Residues different from RotaTeq.](viruses-12-00201-g002){#viruses-12-00201-f002}

![Generation of simian rotavirus A (RVA) reassortants with human VP4 and/or VP7. (**a**) Passaging of reassortants in MA-104 cells. Infected cells were analyzed by light microscopy for signs of CPE after 1--5 passages (P1--5). qRT-PCR analysis with primer pairs specific for the NSP3-encoding genome segment of SA11 was performed at P5. Plus signs indicate the presence of a clear CPE or a positive qRT-PCR signal. Results are representative of two independent experiments performed in duplicates. (**b**,**c**) RT-PCR analysis of viral RNA from the (**b**) VP4 reassortant and (**c**) VP7 reassortants using strain-specific primer pairs.](viruses-12-00201-g003){#viruses-12-00201-f003}

![Morphology of the parent SA11 strain and the derived reassortants. Samples were stained with uranyl acetate and transmission electron microscopy was performed. Representative images of SA11 and the reassortants are shown. Scale bar = 50 nm.](viruses-12-00201-g004){#viruses-12-00201-f004}

![Replication kinetics of the generated reassortants. (**a**) Growth curve of VP4-GR10924/99 in comparison to SA11 based on genome copy equivalents (GCEs) determined by qRT-PCR. (**b**) Infectious titers determined by end-point dilution assay of VP4-GR10924/99 and SA11 at 8 days post-infection. (**c**) Growth curve of the VP7 reassortants in comparison to SA11 based on GCEs determined by qRT-PCR. (**d**) Infectious titers determined by end-point dilution assay of the VP7 reassortants and SA11 at 4 days post-infection. All data are means ± SD from three independent experiments. Statistical analysis was performed using Student's *t*-test. \* *p* \< 0.05; \*\*\* *p* \< 0.001.](viruses-12-00201-g005){#viruses-12-00201-f005}
